Every living cell is composed of macromolecules such as proteins, DNA, RNA and pigments or 11 cofactors. The ratio between these macromolecular pools depends on the allocation of resources within 12 the organism to different physiological requirements, and in turn determines the elemental composition 13 of the organism and, potentially, how it may affect biogeochemical cycles of elements such as carbon, 14 nitrogen and phosphorus. Here, we present detailed measurements of the macromolecular composition 15 of Prochlorococcus MIT9312, a representative strain of a globally abundant marine primary producer, 16 as it grows and declines due to N starvation in laboratory batch cultures. As cells reached stationary 17 stage and declined, protein/cell decreased by ~30% and RNA/cell and pigments/cell decreased by an 18 order of magnitude. The decline stage was associated with the appearance of chlorotic cells which had 19 higher forward scatter (a proxy for cell size) but lower chlorophyll autofluorescence, as well as with 20 changes in photosynthetic pigment composition. Specifically, during culture decline divinyl-21 chlorophyll-like pigments emerged, which were not observed during exponential growth. These 22 divinyl-chlorophyll-like pigments were also observed in natural samples from the Eastern 23 Mediterranean. Around 80-85% of the carbon fixed by Prochlorococcus MIT9312 (but not of a 24 different strain, NATL2A) was released into the growth media as dissolved organic carbon under these 25 laboratory conditions. Broadly defined, the macromolecular composition of Prochlorococcus 26 MIT9312 is more similar to eukaryotic phytoplankton than to marine heterotrophic bacteria, suggesting 27 a different set of physiological constraints determines the macromolecular composition of these two 28 broad classes of marine microorganisms. 29 30
Introduction 35 Like every cell on Earth, phytoplankton and bacterioplankton are composed of several classes of 36 biological macromolecules that function together to maintain the cells structure and activity (Geider 37 and La Roche 2002, Finkel et al. 2016) . Proteins are the most abundant macromolecule (in terms of a culture of Prochlorococcus MED4, which is similar in size to MIT9312, showed that with the vacuum 153 pumps we used approximately 99.9% of the cells were retained on the GF/F membrane (Marmen et al. 154 2018), and thus the difference in pore size has minimal effect on the results. Cells were extracted in 155 100% methanol at 25°C for 2h. The cell extracts were clarified with Syringe filters (Acrodisc CR, 13 156 mm, 0.2 µm PTFE membrane, Pall Life Sciences), and kept at -20ºC until analysis by column 157 chromatography on a C8 column (1.7 µm particle size, 2.1 mm internal diameter, 50 mm column 158 length, ACQUITY UPLC BEH, 186002877) using an ACQUITY UPLC system equipped with a 168 The GF/F filtrates (see above) were kept in polypropylene at -20ºC until analysis. For measurements, 169 samples were adjusted to 25ºC and diluted 4-fold in DDW to reduce the salt level. NH4 (NH 3-N) was 170 measured using an HI 96715 meter (Hanna instrument), and PO4 was measured by HI 96713 meter 171 (Hanna instrument). In both cases, low concentration kits were used. For Total Organic Carbon (TOC) 172 analysis, samples were collected into cleaned, pre combusted, acid washed (10% HCL) 40ml vials and 173 HCl was added to remove dissolved inorganic C before preservation at -20ºC. Before analysis, samples 174 were combusted at 680°C using catalytic (platinum) oxidation method in oxygen-rich environment. 175 TOC analysis was performed using TOC-L analyzer (Shimadzu ASI-L Autosampler, Columbia, MD).
Measurements of inorganic nutrients and TOC
For inorganic carbon (DIC), samples were collected in 14ml dark glass vials with screw caps and 75µl 177 (0.05% v/v) saturated HgCl2 solution (Dickson et al. 2007 ) was added to the samples. For alkalinity, 178 60 ml samples were collected in glass vials. All samples were kept in 4°C until measurement. CO2 was 179 extracted from the samples by acidification with phosphoric acid (H3PO4, 10%) using a custom, 180 automated CO2 extractor and delivery system (AERICA by MARIANDA) using high grade N2 as a 181 carrier gas, connected online with a LiCor 6252 IR CO2 analyzer. Measurements were calibrated using 182 seawater Certified Reference Materials (CRMs) from Dickson's lab. In order to check and correct for 183 drift the CRM was run after every 4 samples.
185
Model of Prochlorococcus resolving key macromolecular pools 186 We formulated a mathematical model of the growth of a generalized axenic phytoplankton cell, 187 which resolves the macromolecular pools measured in the experiments -protein, RNA, DNA and 188 photosynthetic pigments, as well as N storage and dissolved organic carbon ( Figure S3 ). The 
Results

201
Dynamics of cell numbers and macromolecular composition during growth and nitrogen
202 starvation 203 To determine to what extent the macromolecular composition of Prochlorococcus changes between 204 the different physiological states of a batch culture, we grew strain MIT9312 in laboratory batch 205 cultures where the N:P ratio of the media was set to 2, thus leading to cessation of growth due to N 206 starvation (Grossowicz et al. 2017 ). The bulk culture fluorescence, often used to monitor phytoplankton 207 growth in a non-invasive way, increased exponentially until day 10, after which the culture 208 fluorescence declined rapidly, with no clearly observable stationary stage (Fig 1a) . The decline of the 209 culture fluorescence coincided with the reduction of soluble NH4 to below detection threshold 210 (<10uM), while PO4 and DIC levels remained high throughout growth and decline (Fig 1c, d) . Cell 211 counts by flow cytometry also showed an increase in the cell numbers until day 10, with a growth rate were also stained much more weakly than the high-fl ones with the dye Sybr Green, which binds 218 nucleic acids (primarily dsDNA but also ssDNA and RNA, Fig S1b) . At the same time, an increase in Based on the observed fluorescence curves (Fig 1a) , we sampled cells during exponential stage (day 223 6), early stationary stage (day 10), late stationary stage (after bulk culture fluorescence had started to 224 decline but while cell numbers were still stable, day 13) and culture decline (day 15) ( Table S1 ). An 225 additional estimate of the macromolecular pools from exponentially-growing cells was obtained from 226 the starter cultures used to start the experiment (treated here as day 0). The per-cell content of proteins 227 and RNA were relatively stable during exponential phase (0-10 days), but was reduced during the 228 stationary and decline phases (days 13 and 15) ( Fig 1e-f ). The reduction in RNA/cell (a drop of 229 approximately 75% between days 10 and 13) was much larger than that of protein/cell (10-30%). The 230 total photosynthetic pigment concentration per cell started declining earlier than RNA or protein, with 231 a drop of approximately 75% between days 6 and 10, as the cells moved from exponential growth to 232 early stationary stage (Fig 1g) . also α-carotene) to DVchlA increased after this day (Fig 2b) . In addition, on day 10 and later, UPLC 242 several peaks were observed close to that of DVchlA that differed from it in their retention time. These 243 peaks were not due to overloading of the UPLC column (were not seen when higher amounts of 244 pigments were injected),and were reproducibly observed in other cultures from multiple Prochlorococcus strains. One of these peaks (marked with an arrow in Fig 2c) , which was especially 246 prominent, had an absorption spectrum similar to that of DVchlA (Fig 2d) but was not one of the known 247 degradation products (pheophytin-A eluted later, whereas phaeophorbide A, chlorophyllide A and 248 divinyl protochlorophillide A all eluted much earlier, consistent with the loss of the phytol moiety).
249
Assuming a similar molar absorption rate as DVchlA, this pigment (which may be a DVchlA', an Reproducibly high rates of DOC exudation in Prochlorococcus MIT9312. 258 Part of the organic carbon fixed by phytoplankton is released from the cell due to exudation and cell 259 mortality, and this organic carbon provides sustenance for co-occurring heterotrophic bacteria. To 260 assess how much organic C is released by Prochlorococcus, we measured the total organic C in our 261 cultures, and compared it to the amount of C expected to be in the particulate fraction based on the 262 number of cells and the carbon quota of Prochlorococcus from previous studies (10-130 g/cell, Table   263 1). During exponential stage (day 6), the measured TOC was within the range expected based on cell 264 numbers and C quota, however, during the stationary and decline phases the amount of TOC was up 265 to 23-fold higher than could be explained by cell biomass, suggesting a large amount of organic C was 266 released into the growth media (Fig 1g) . To check if the high release of organic carbon is common to 267 different Prochlorococcus strain, we repeated this experiment using both strain MIT9312 and strain 268 NATL2A which belongs to the Low Light I clade ). High extracellular concentrations 269 of organic C (up to 13-fold higher than the predicted cellular biomass) were observed again for 270 MIT9312, whereas strain NATL2A that grew under the same N starvation conditions showed TOC 271 values much lower than MIT9312, within the expected range of cell quota (Fig 3) . However, measurements of the per-cell C quota of Prochlorococcus, performed using different 287 techniques, range over an order of magnitude ( Fig S1a) . The low-fl cells also stain weaker with the dye Sybr-green ( Fig S1) , which binds both as physiological responses to N starvation that nevertheless are not sufficient to enable the cells to 336 survive long-term nutrient stress.
337
In parallel to the observed loss of culture fluorescence and the appearance (and dominance) of low-fl 338 cells, changes were also in the per-cell concentration and composition of the photosynthetic pigments 339 (Fig 1h, Fig 2) . Specifically, the mean relative amount of zeaxanthin increases compared to DVchlA, 340 whereas the relative amount of chlorophyll B decreases (Fig 2b) . Similar changes were observed in may be undergoing processes similar to those we observe in the laboratory batch cultures.
369
The high-fl cells also exhibit an increase in mean forward scatter, a proxy for cell size. This occurs 370 despite the overall reduction in RNA, pigments and (to a lesser extent) protein (Fig 1e, f) , which are 371 the major N-containing macromolecular pools. Assuming the increase in forward scatter represents an 372 increase in cell biomass, this suggests that the cells are accumulating primarily C-rich macromolecules 373 such as storage carbohydrates and lipids, leading to an increased C:N ratio. A similar response to 374 nitrogen starvation has been predicted by mathematical models of N-starved cells (Grossowicz et al. 
393
Generally speaking, phytoplankton have a lower RNA/protein ratio than heterotrophic bacteria with 394 the same RNA/DNA ratio. Assuming that the ribosomes of phytoplankton and bacteria have similar 395 maximal rates of protein production (chain elongation), this suggests that phytoplankton ribosomes are 396 working at a higher relative capacity. In phytoplankton, a significant amount of protein production 397 needs to be invested in maintaining the photosynthetic apparatus, for example in the replacement of 398 the core proteins (Zavřel et al. 2019 ). An alternative (but non-exclusive) explanation is that 399 heterotrophic bacteria (primarily copiotrophic ones) maintain more ribosomes than needed, using the 400 "spare" production capacity to allow rapid response to changes in growth conditions. Such a strategy the RNA/protein ration to phytoplankton (Fig 4) . The reason for this similarity, which may represent a 404 lower ability to allocate ribosome resources to rapid changes in gene expression, is unclear, and may 405 depend on the specific experimental conditions employed in their study (Zimmerman et al. 2014 ).
406
While Prochlorococcus is a bacterium (prokaryote), its RNA/protein and RNA/DNA ratios at different 407 stages of the growth curve all fall within the range of those from eukaryotic phytoplankton. The single 408 measurement form Synechococcus is also closer to other phytoplankton (Fig 4) . This could be the result 409 of both the need to invest in maintaining the photosystem and, potentially, that Prochlorococcus may 410 have a lower ability compared to fast-growing heterotrophs to "ramp up" their translation in order to 411 rapidly respond to changes in environmental conditions.
412
Nevertheless, Prochlorococcus may still maintain some unused ribosome capacity. In our study, 413 protein/cell remained relatively stable, with a decline of no more than ~30% as the culture declined.
414
RNA/cell, in contrast, dropped by more than 80% over the same period (Fig 1) . The decline in 415 RNA/cell also started earlier. This suggests either that processes resulting in the loss of protein (e.g. 416 degradation, exudation or excretion) were strongly reduced in stationary and decline phase cells, or 417 that the actual rate of protein production per ribosome increased in declining cultures compared to 418 exponentially-growing ones. These two explanations -decrease in loss processes or increase in 419 ribosome efficiency -are not mutually exclusive, but evidence is lacking for either of them in most 420 organisms, including Prochlorococcus. Synechococcus   MIT9312 T0  MIT9312 T6  MIT9312 T10  MIT9312 T13  MIT9312 T15 and day 11 in Fig 3a) the particulate organic carbon (i.e. cell biomass ) was only 3-7% of the total 427 organic carbon (considering the two experiments shown in Fig 1h and 3h , and assuming a cell C quota 428 of 120 fg cell -1 ). This suggests that 80-85% of the organic carbon fixed by Prochlorococcus in two 429 separate experiments was released as dissolved organic carbon. Pervious experimental studies where 430 DOC release was measured using 14 C as a tracer suggested that 2-24% of the primary productivity is 
